It has been suggested that the polymorphism for shell colour and pattern in Cepaea may be unrelated to the visible appearance of the shells, but maintained by heterosis or heterozygote advantage. A possible way to test this supposition is to examine whether phenotypic variance is lower in the morph exhibiting the dominant phenotype than in that with the recessive phenotype. This has been tested in two samples of shells involving totals of 1792 and 5423 individuals, respectively. Overall, there is a significantly greater variance in the recessive than the dominant class (P <0.05). Correlation between measurements on the same shell was also examined. No evidence of difference between phenotypes was found. If the difference in variance is real it may indicate either: (i) that visible appearance is not important and the polymorphism is maintained by a heterozygous balance; or (ii) evolution of such a balance in a polymorphism maintained over a long time span by selection acting on visible attributes of the shells.
Introduction
The helicid land snails Cepaea nemoralis and C. hortensis are widespread in Europe and live in a wide range of habitat types from stony outcrops on mountain sides to sand dunes through mixed deciduous woodland, hedgerows and grassland. Most colonies are polymorphic for shell colour and banding, controlled by alleles which exhibit complete dominance. The two main loci, determining shell colour and the presence or absence of bands, are closely linked to each other and to a number of loci modifying band expression (Cook, 1967) . Although morph frequencies may vary over short distances, there are hardly any colonies which do not have at least one morph at a frequency between 10 and 90 per cent. There is frequently linkage disequilibrium.
Selection is definitely implicated in determining morph frequencies (Jones et a!., 1977; Clarke et a!., 1978; Cain, 1983) , but the way in which the polymorphisms are maintained is not understood.
Although selection is related to the visible colours and patterns, with evidence of additional thermal *Correspondence and present address: The Manchester Museum, University of Manchester, Manchester M13 9PL, U.K.
tPresent address: Biology Department, Shanxi Educational College, Taiyuan, Shanxi, China. differences between morphs consequent on colour (Jones et a!., 1977; Jones, 1982) , it is possible that populations remain polymorphic because of heterozygote advantage or heterosis operating in some kind of nonvisible way. An advocate of this view is Goodhart (1987) . He argued that most land snails are probably genetically heterogeneous as a result of balancing selection. If the genes involved have visible effects which are deleterious, their visible expression is suppressed, as in some other helicid snails of fairly uniform appearance, but if colours and patterns are essentially nonadaptive they simply flag up the underlying balanced polymorphism.
Cepaea nemoralis and C. hortensis fall into the latter category, according to Goodhart. If so, then to understand the polymorphism we should have to find a way of testing for heterosis. A method which has been used extensively is to measure the amount of polymorphism at enzyme loci in samples with different levels of phenotypic variability (e.g. Mitton & Grant, 1984; Palmer & Strobeck, 1986; Zouros, 1987) . The prediction is that lower morphological variance and decreased asymmetry will be associated with greater genomic heterozygosity. Numerous studies on bivalve molluscs have investigated this relationship. Heterozygous individuals have been shown to grow faster, live longer and have more efficient protein synthesis than homozygous individuals (Beaumont, 1991) .
When there is a positive association of heterozygosity with growth rate there is often also a negative association with variance of size (Zouros & Foltz, 1987; Koehn et a!., 1988) . If the association were the result of heterozygote advantage it should hold even if a single polymorphic locus is involved (Yezerinac et al., 1992) . Some data can be interpreted as indicating heterozygote advantage (Koehn et al., 1988) , whereas others have been interpreted as favouring relational overdominance, the effect of heterozygosity at an ensemble of linked loci (Zouros & Foltz, 1987; Beaumont, 1991 nemoralis (Cook, 1967) and 0.7 for a similarly shaped helicid, Arianta arbustorum (Cook, 1965 and shell size (Cook & Cain, 1980) . The colonies were monitored annually and all adult individuals which had been bred within the enclosures were collected, marked and scored for phenotype and the maximum shell diameter measured (to 0.1 mm). As the density of the populations increased the mean size attained by adults went down, so that these individuals may have suffered some sort of competitive stress. Details of the ecology and the founder stocks are to be found in Cook & Cain (1980) . Variation in shell breadth has been examined in pink (the dominant class) and yellow individuals in 18 samples totalling 1792 individuals.
The second set comes from the extensive A. J.
Cain collection, currently housed in the Manchester Museum. This consists of random samples collected by Cain and many workers associated with him over the past 45 years in studies of Cepaea polymorphism.
Material collected by D. P. T. Burke (1979 Burke ( , 1989 was chosen for examination. Burke took a large number of samples from a restricted region in banded, a genetically controlled variant of the five-banded phenotype, recessive to unbanded, which produces dark brown pigmented bands. The ground colour of the shell is yellow, pink or brown, these colours being controlled by an allelic series in which yellow is recessive to pink and brown, and pink is recessive to brown. There is more than one allele within each category, determining shades of colour. The banding and ground colour loci are closely linked. Typically, the lip to the aperture is brown in C. nemoralis but white in C. hortensis, but both species are sometimes polymorphic for this character. viduals in one class may have a more uniform shape than those in the other. For snail shells, this measure includes the stochastic variation recorded as fluctuating asymmetry in studies of variables on the two sides of bilaterally symmetrical animals. Correlation has been examined between the three dimensions measured in the second data set.
When comparing variability between phenotypes,
we have used the variance of breadth in the first data set and, in the second data set, the sum of variances for the three measurements. This is equivalent to the average sum of squares of the Cartesian distances of the values in each dimension from their joint mean (Van Valen, 1974) . It is referred to as the total variance, as opposed to the generalized variance, which is the determinant of the covariance matrix for the variables. The intention is to compare variance in shell dimension in a class controlled by a dominant allele with that in the class controlled by the recessive allele. The comparison is between pink and yellow shells in the first data set and between either nonyellow and yellow or unbanded and banded in the second. For a single sample the most efficient way of carrying out a test is via the F ratio.
Between-sample variation is much greater than within-sample variation, so that results from individual F-tests for each sample should be combined. The samples are random ones, however, so that numbers in the classes are not controlled, the smaller category sometimes being much smaller than the larger. To include as many samples as possible, we have used all those in which the smaller category is five or more, and as a result, accidental effects of small sample size are likely to occur.
The F-test is usually a one-tailed test, the between-group variance being divided by the withingroup variance. In the present case a one-tailed test is appropriate, as the direction of the deviation is defined, but when the results from individual tests are combined, we should allow for the direction of deviation. In order to do so and to take account of variation in sample size, the following procedure has been used.
1 For each sample the larger variance has been divided by the smaller, and the direction of the difference has been scored. 2 The probability of obtaining the F-value has then been calculated, using a numerical algorithm to integrate the appropriate section of the F distribution for the observed degrees of freedom (written for us by G. S. Mani; a FORTRAN program for the same purpose is given by Davies, 1971 ).
3 The equivalent normal deviate (the t-value for an infinite sample) is then substituted for the probability, using a second numerical estimate.
4 The deviates are made negative if the variance of the recessive class is smaller than that of the dominant class, otherwise they are made positive. 5 These values are then summed and divided by the square root of the number of deviates summed, to provide a single normal deviate measuring the tendency over all the data for the variance ratio to diverge from unity in a particular direction.
To examine correlation we have scored the mean of the three correlation coefficients (r) for the variables in the second data set. The dominant class should show less variability. To test for this, the r-values have been converted to Hotelling's z, which has a variance of 1/(n -1) where n is the number in the class (Hotelling, 1953; Sokal & Rohlf, 1969) . Means for the two classes within samples have then been compared using the t-test. To detect a trend, the t-values have been converted to normal deviates and these combined as before to provide an overall measure of the tendency of one class to show greater variability than the other.
Results
The results for the data from the enclosure colonies are shown in Table 1 . F-ratios are positive if the variance of yellow individuals is greater than that of pink individuals (the expected outcome if variance is The first column shows the F-ratio, made negative if the variance of the recessive class is smaller than that of the dominant class, otherwise positive. The next two are the degrees of freedom of the numerator and denominator, respectively, where the numerator is the dominant class if the variance ratio is negative, otherwise the recessive class.
P is the probability corresponding to the variance ratio and d is the equivalent normal deviate. The samples have been arranged in descending order of sample size.
inversely related to genetic heterogeneity) and negative if yellows have the smaller variance. The last column gives the normal deviate equivalent to the F-ratio with the stated sample size. When these values are combined, the overall normal deviate is 1.126, which is not significant. The same procedure has been used for the total variance of the three measurements in the second data set. The overall normal deviates for three different comparisons of classes, and the number of samples used to obtain them, are shown in Table 2 . Comparing the colour classes, as before, the normal deviate is 1.732 in comparisons of 81 samples (P <0.084, two-tailed, 0.042, one-tailed). When the second data set is classified by banding the equivalent figure is 1.448 in comparisons of 59 samples (P <0.148, two-tailed, 0.074, one-tailed). It might be argued that the greatest difference should be seen by comparing yellow banded homozygotes with all phenotypes which are
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not yellow banded. When this is done there are 76 samples available and the overall normal deviate is 1.423, close to the figure for the banded/unbanded comparison. If the first data set and the second one classified by colour are combined, the overall normal deviate for this phenotype comparison is 2.021, which is significant (P <0.043, two-tailed, 0.022, one-tailed). For the whole data set, the correlation coefficient for breadth and height is 0.987, that for breadth and mouth width is 0.988 and that for height and mouth width is 0. 
Discussion
Populations of C. nemoralis are almost always polymorphic for shell colour and banding. Much has been discovered about the ways selection affects morph frequency (Jones et a!., 1977; Clarke et a!., 1978; Cain, 1983) , but the question how the polymorphism is maintained has still not been answered. One line of reasoning suggests that as the polymorphism is visible the selection maintaining it is likely to involve visual predators, most probably exerting frequency-dependent selection (Clarke, 1969; Endler, 1988) . This view is supported by analogy with other examples of adaptive coloration, such as mimicry in Lepidoptera, including mimetic polymorphisms (Clarke & Sheppard, 1963 , 1971 Sheppard, 1975; Turner, 1977) . Even here, the universality of selective predation as the factor determining the patterns involved in mimicry may be questioned (Brower, 1995) ; and the reasons for the particular patterns present in land snail shells are not nearly as clear. The snails do not closely resemble particular elements of their environment (Clarke et a!., 1978) . In addition, in Cepaea it is reasonable to question whether such a labile controlling system as frequency-dependent predation could account for the apparent robustness of the polymorphism, where diversity is retained in such a wide range of habitats in populations of such variable size and in many cases in the apparent absence of predators. An alternative hypothesis was proposed by Goodhart (1987) , that the visible aspect is part of a balanced combination of loci in which genomic heterozygosity is associated with high fitness. An analogy is to be found in the balanced inversion systems in Drosophila pseudoobscura studied by Dobzhansky and colleagues (e.g. Dobzhansky & Levene, 1951 , 1955 Dobzhansky & Wallace, 1953) or with the supergenes controlling mimicry in the swallowtail butterflies Papilio dardanus and R memnon (Clarke & Sheppard, 1963 , 1971 . Recent considered opinion has been that supergenes such as the mimetic ones are exceptional (Maynard Smith, 1989) , and Crow (1986) prefers to write instead 'in praise of multiple, independently inherited, additive genes'. Cepaea nemoralis is itself exceptional, however. The problem deserves to be resolved and the possibility that the visible polymorphism is part of a general heterozygosity system deserves attention. The present study was designed to test this proposition by looking for a negative association between phenotypic variance and scorable heterozygosity.
The overall deviations are positive in all cases and give some support to the suggestion that variance in shell dimensions is greater in the class recessive for a shell colour or pattern gene than in the one which is heterozygous or homozygous for the dominant. The combined result for colour is formally significant on both the one-tailed and two-tailed assumption, although not strongly so. On the other hand, there is no indication that correlation between dimensions differs between classes. The availability of good data sets in the form of shell collections tempted us to look for these associations, and the present result shows that further investigation would be worthwhile. However, to have good evidence that a positive deviation of the size observed indicates a true difference in variance between classes would require a total sample much larger than the present total of over 5000 individuals. One could then run into the problem of genetic heterogeneity between samples from different regions.
A greater variance of biometrical characters in the recessive class would not necessarily mean that the colours or patterns are nonadaptive. If the polymorphism has been present for a sufficiently long time, maintained perhaps by frequency-dependent selection acting on the visible phenotype (Clarke et al., 1978) , there would be an opportunity for selection to operate on linked loci which increase heterosis. This type of process presumably accounts for the fact that Batesian mimetic butterflies, in which the visible characteristics are clearly adaptive in the presence of models, may also remain polymorphic in the absence of models. Examples of the complexity of the relation between the mimic/model system and the other selective forces involved are seen in studies of the Hypolimnas misippus/Danaus chiysippus complex (Edmunds, 1969; Smith 1976; VaneWright et a!., 1977; Cook, 1978) . Cepaea nemoralis and C. hortensis are species which have advanced northwards with the recession of the ice sheet during the Pleistocene. The greatest colour polymorphism is in the northern half of their range, and they are related to two southern species, C. sylvatica and C. vindobonensis, which are polymorphic for banding but not for colour. Whether the implied time span is long enough for the northern species to have developed a supergene system exhibiting heterozygote advantage is unknown.
